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Probing chiral dynamics by charged-pion correlations
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The environment generated in the midrapidity region of a high-energy nuclear collision endows the pionic
degrees of freedom with a time-dependent effective mass. Its specific evolution provides a mechanism for the
production of back-to-back charge-conjugate pairs of soft pions which may present an observable signal of the
nonequilibrium dynamics of the chiral order parameter.
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High-energy nuclear collisions are expected to produceraction of such an effect is hampered by the contributions
transient systems within which chiral symmetry is approxi-from a number of additional sources of soft pions. Thus, any
mately restored and the matter is partially deconfined. Thebserved signal may be less specific and would need to be
identification and exploration of such a novel phase of mattecorrelated with other signatures. A more promising candidate
is currently a major experimental goal and the efforts haveobservable identified in Reff7] is the fluctuation in the mul-
intensified with the recent commissioning of the Relativistictiplicity of soft pions which was found to exhibit a signifi-
Heavy lon Collider(RHIC) at BNL. cant anomalous increase with the order of the correlation.

Through the past decade, it has been speculated that tisince a subsequent stu] has shown that such an effect is
rapid expansion of the collision zone, after an approximateabsent in both RQMD and HIJIN@oth widely used event
restoration of chiral symmetry has occurred, may produceenerators using only conventional physics inpittappears
long-wavelength isospin-polarized agitations of the pionicthat this observable has a larger specificity and thus it may be
field, commonly referred to as disoriented chiral condensateworthwhile to pursue it in the data analysis.

(DCC), which in turn should lead to anomalies in the result- To the above possibilities for DCC signals, the present
ing pion multiplicity distribution. Reviews of this topic are communication adds a novel suggestion for an observable
given in Refs[1-3]. that may be particularly suitable as an indicator of the phe-

Initially the focus was on the expected broadening in thenomenon. It is based on the key feature that the basic DCC
distribution of the neutral pion fractiofthe number of neu- production mechanism creates neither momentum nor charge
tral pions divided by the total pion numbdiut experimental and so a signature may exist in the form of a large-angle
efforts mounted to search for such a signal yielded a nultorrelation between oppositely charged soft pions. We first
result[4,5]. It has meanwhile become increasingly clear fromdescribe the basic effect, then illustrate the signal by suitable
model calculations that any DCC effect is carried exclusivelymodel calculations, and finally discuss the prospects for its
by relatively soft pions and thus the signal can be signifi-observability.
cantly enhanced by limiting the analysis to those pions. Un- The initial violent collision of the two approaching nuclei
fortunately, the neutral pions decay into photon pairs and it igs followed by a rapid expansion, which at first proceeds in
practically impossible to perform a reconstruction that wouldthe longitudinal direction and then gradually builds up trans-
permit the determination of the individual speeds. As a conversely as well. The pionic degrees of freedom then experi-
sequence, the neutral pion fraction is less than ideal as ance an environment that is changing accordingly. Generally,
experimental indicator. the effect of the environment can be approximately ac-

Nevertheless, the neutral pion fraction has received reeounted for by an in-medium effective mass which depends
newed attention by the recent realizatid@] that it may be both on the degree of agitation and on the chiral order pa-
enhanced by the axial anomaly in a manner that depends inrameter. Since the system is steadily cooling down while the
characteristic way on the angle of emission with respect t@rder parameter reverts from its initial small value to its large
the scattering plane. However, it is still an open question tozacuum value in a nonequilibrium fashion, the effective pion
what degree this interesting signal can in fact be extracted bgnass has then a correspondingly intricate evolution, display-
suitable reconstruction of the photon data. ing an overall decay towards the free mass overlaid by the

Furtunately, recent detailed dynamical calculations sugeffect of the oscillations by the relaxing order parameter
gest that there may be suitable signals that are based excli#,9].
sively on the charged pions and which would therefore better Considerable insight into this coupled evolution can be
lend themselves to experimental detection. In particulargained from numerical studies with the linearmodel and
simulations within the semiclassical linearmodel[7] for  though the details depend on the specific treatment, the
cylindrical sources endowed with a longitudinal Bjorken emerging qualitative picture is fairly robust. It is therefore of
scaling expansion identified a number of simpler candidaténterest to consider what implications this type of time evo-
observables. One is the transverse spectral profile which isition of the medium-modified mass may have on the pion
expected to exhibit a marked enhancement belowbservables. Scenarios with a time-dependent effective mass
~300 MeV/c due to the parametric amplification by the occur in many areas of physics, for example, in connection
time modulation of the mass. However, an experimental exwith the inflationary universe, and they can be treated to
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various degrees of refinement. For our present purposes it NZ(t) E<NV(t)>
suffices to recognize a few general properties of such pro- K k
cesses. =(AL)TAYD))
In order to bring these out most clearly, we consider first 5 5
the simple case where the environment, and hence the effec- =[U(D* N+ [Vi(D[*(Ny+ 1). (4]

tive mass, is spatially uniform, as is approximately the case ) . .
in the interior of the collision zone. It is then obvious that  With & bit more elementary operator algebra, it is possible

although the time dependence of the mass may generate cdn- obtain the following two equivalent expressions for the

siderable agitation, this agency cannot add any net momer‘flu"leIpartICIe correlation coefficient:
tum. Thus any pions produced by the mechanism must be , Al A ,
formed pairwise and moving in opposite directions. Further- ik (D) ={Ny, (DNg(1)) =Ny, () Ng(t)
more, by a similar reasoning, the time dependence of the — ) )
mass does not add any charge, so the produced pairs must be = NNy i [Ui(O 7 V(1)
oppositely charged. Thus, the particles generated by an arbi- X (2N + 1) 8, 0kt 8,30k i, 3
trary time dependence in a uniform medium are charge- ’
conjugate back-to-back pairs. This basic feature may be ex- _ D 2 2
ploited as a probe of thepchiral dynamics. ’ =N(OND 2,10+ UKD VicD)

In order to illustrate the effect, we stay first with the spa- X (2N + 1)25V,;5k,'_k. (4)
tially uniform scenario which is the simplest because the

Hamiltonian decouples so that each degenerate pair of 0oppgh the first relation, the termiN is the initial Bose-Einstein
sitely moving modes can be considered separately. Aautocorrelation for the occupancy of the given mode while
quantum-field treatment is then relatively simpld]. The  the second term is the additional correlation introduced by
eigenmodes for any given value of the effective masszan  the time dependence of the effective mas§,), and its spe-

be obtained by a suitable squeezing of the standard fregfic form reflects the fact that the autocorrelation is in-
modes. Since these mode@sghich we shall denote as quasi- creased in concert with the back-to-back correlation between
particles diagonalize the problem for the particular value of charge-conjugate pairs. The last relation shows that the re-
w they provide a particularly instructive basis for the analy-sulting aut_ocorrelation still has the familiar Bose-Einstein

sis of the evolution. We usé, to denote the annihilation form, N(t)N(t).
operator for the quasiparticle modes corresponding to the It may be instructive at this point to discuss the present
initial value of the effective massy; . The Heisenberg rep- effect in relation to the medium-generated correlations stud-
resentation of the corresponding time-dependent quasiparfied by Asakawa, Csgo, and Gyulassy11] in a different
cle mode is then context. In both scenarios, the starting point is a medium-
modified effective pion mass which, upon diagonalization of
the Hamiltonian, causes the quasiparticle eigenmodes to be
superpositions of back-to-back correlated pairs of charge-
conjugate free pions. If the system is assumed to disassemble
very suddenly, as is being assumed in Ré&fl], this initial
) state remains unchanged and the result is the appearance of
Here the subscript denotes the momentum and the superree pions endowed with the corresponding correlations. In
script v== denotes the charge stateith v=—v). The  the opposite extreme, when the reversion to the free scenario
time dependence of the quasiparticle operafgfe) derive is adiabatic, all occupancy numbef®ith respect to the
both from the usual Heisenberg evolution and from the conevolving quasiparticle bagisemain constant in time as these
tinual redefinition of the quasiparticle basis. The Bogoliubovmodes gradually lose their composite charafi@|. The re-
coefficientsU,(t) andV,(t) are given in terms of the corre- sult is then a gas of free pions with a spectral distribution
sponding mode functions which in turn are determined byreflecting the initial temperature of the in-medium quasipar-
the equation of motion for the pion field. Being dependentticle gas. The present study involves the general dynamical
only on the mode frequency,, they are the same for all scenario lying in between these two idealized extremes. The
charge components and for all momenta with the same temporal evolution of the medium can thus cause real exci-
magnitudek. The time evolution mixes particle states of tations to occur, thereby increasing the number of quasipar-
forward-going positive pions with hole states of backward-ticle quanta present. The result of this complicated evolution
going negative pions, a reflection of the key conservatioris then a gas of free pions displaying a residue of the initial
properties. in-medium quasiparticle correlationghose considered in
Let us now for simplicity assume that the system canRef.[11]), augmented by the pion pairs produced by para-
initially be described as a thermal ensemble. The correspondretric amplification.
ing occupancy of a given initial quasiparticle mode is then These features are illustrated in Fig. 1. In order to emulate
Ny= 1] exp(w/T)+1], whereT is the specified temperature. a uniform, longitudinally expanding environment, we use a
The expected occupancy of the mode at a later tineadily ~ simple time dependence of the effective magé(t)=m?
follows from Eq.(1): +(,ui2—m2)exp(—t/to)[1+cos@osct)]/2. With wj=2m, tg

ALt = U(DAL+ V() * (A )T, (1)
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scenario that starts from an environment in which the order param- £iG. 2. Contours of the correlation coefficient for pion pairs of
eter isop~26 MeV (corresponding td’o~240 MeV). Further ex-  gpposite charge as a function of the final momenta, for the one-
planation is given in the text. dimensional scenario considered in REf2] which uses a space
and time dependent effective mass emulating the results obtained in
=5 fm/c, and w,s=Mm,, this expression approximates the Ref.[7] for the expansion of a system with the initial temperature of
evolution from an initial environment in which the order To=240 MeV and an initial radius dRy=5 fm. The contours are

parameter has the valug=(qq)~26 MeV (corresponding SeParated by factors of 2.
to a temperature of ;=240 MeV in the semiclassical linear
o model[7]). still within the effective mass approximatidi2]. In that
Figure 1 shows how the initial Bose-Einstein quasiparticlework, an illustrative application was made to a simple one-
occupation numberdl;,; (dot-dashed curyeare being en- dimensional scenario, in which the effective mass function
hanced at momenta below300 MeVk (short dashesThe  has a diffuse(Woods-Saxon-like spatial profile with an
resulting peak structure iN¢,4 is a reflection of the regular- overall temporal modulation that approximates the effective
ity of the order parameter oscillations: particular amplifica-mass function obtained from dynamical simulations of
tion is experienced by the modes that have their frequencfiorken rods as described in Réff]. We have employed
wy in the neighborhood of half the mass, corresponding to that approach, for the same simplified scenario, to obtain the
k~260 MeV for m,=600 MeV. The autocorrelation in the time evolution of the two-body correlation function and the
mode occupanueéong dashe)sexh|b|ts a similar structure result is illustrated in Flg 2. As expected the correlation
(since it is given byNN). It is noteworthy to mention that pattern seen in Fig. 1 has become somewhat eroded, due to
although the correlation between oppositely moving charge the spatial dependence of the mass function, but the basic
conjugate pion pair¢solid curve is generally smaller than structure largely persists. Thus there is reason to hope that it
the autocorrelation, as E€B) dictates, it acquires a compa- may be expenmentally_ observable. -
rable magnitude in the region of strongest amplification . It may be worthwhile to “Ote.th'?“ the V'S'b'.l'ty .OT the
(where the dynamically produced pions dominate over thos ignal may be enhanced if the coincidence rate is divided by
originally present On the other hand, this correlation the product of the corresponding single-particle rates,
quickly subsides as the momentum moves abovéNkrNk>/(<Nkr><Nk>) This procedure eliminates the overall
~300 MeV/c, bringing out the fact that the effect is con- variation due to the dependence of the singles yields on en-

fined to the soft regime. ergy and angle, and the ratio unity in those kinematical re-
The above discussion applies to the idealized scenario ajions where no correlations are present.
an entirely uniform environmeritmplying, for example, that It is also important to emphasize that in each individual

the singles vyield is isotropjc It would be more realistic to pion-pair emission process, it is entirely random whether a
consider a mass function that deviates from the free valugiven partner(e.g., the positive onegoes forwards or back-
only within a finite volume representing the agitated region.wards. Thus no overall charge separation occurs, but when-
When the environment has a spatial dependence, the pioewer one pion is emitted in one direction then its partner is
experience forces which tend to erode the clear back-to-backmitted (approximately oppositely.
correlation pattern. Thus it is important to ascertain the im- In practice, when making an observation, it is not possible
portance of this effect. to identify a single quantum mode Rather, a collection is

It was recently shown how the quantum-field treatment ofmade over a phase-space domain that encompasses many
Ref.[10] can be extended to nonuniform scenarios as wellindividual modes. In that situation, one may define the ap-
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4 ' ' ' focus has been on arguing that one would expect an effect on
rather general grounds, based simply on the nonequilibrium
= e----0 T, =260 MeV evolution of the chiral order parameter which in turn endows
3 the pion with a temporal modulation of its effective mass
£33 w——aT, =240MeV @ Py . e . e .
9 - that provides the possibility for parametric amplification.
§ —— T, =220 MeV // Moreover, within the simple linear model, we have tried to
b achieve an idea of the magnitude and persistence of the ex-
§2 B / _ pected effect. Of course, this “signal” is partially obscured
i $ or eroded by a number of other processes and thus any at-
% tempt to extract it from the experimental data must take care-
> o —a——— ful account of such “background” contributions.
1t e 1 One concern is the possible degradation of the primary
§ /‘ /./ signal in the course of the propagation of the pions as they
- - 3 leave the interaction zone. As the signal-carrying pions are
soft they might easily be deflected significantly by encoun-
% 100 200 300 400 ters with other hadrons in the later stage of the reaction pro-
Maximum momentum included, &, (MeV/c) cess. However, the very mechanism by which they are pro-

FIG. 3. The coarse-grained correlation coefficientforoppositelyduced’ the oscillatory relaxation of the chiral order

moving charge-conjugate soft pions as a function of the cutoff moparameter’, guarantees that they appear only relatlyely late.
mentumk,, for three different initial scenarios. Simple estimates, as well as more elaborate numerical stud-

ies [12], show that it takes several to many finfor the
: . . - amplification mechanism to completsay 5 fmkt). At this
proprlat? coarse-grained. particle number opgrat\ﬁ}“@(t) time, most of the material in the collision zone has already
=2k cNi(t), whereC denotes a certain domain &fval- gispersed, so the DCC pions will be born in a relatively
ues. The associated coarse-grained correlation coefficient Empty environmentwhich deviates from the regular vacuum
then of the form principally by the deviation of the order parameter from its
, U o R vacuum valug Moreover, since they are soft, they will have
3 k= (N (ONE(D) = (N (DN N(D). (5 little chance of catching up with the expanding shell of regu-
lar collision debris. Thus, one may expect that the pions of
To examine the effect of such a coarse graining, weklet interest will in fact propagate to the detector relatively un-
encompass all positive pions moving forward with a momen-disturbed. These features are rather similar to those of the
tum up toky while £’ includes all negative pions moving “Baked Alaska” scenario discussed by Bjorkg8]. In this
backward with a momentum down tek. connection it may be noted that any complications from el-
Figure 3 shows the resulting coarse-grained correlatiottiptic flow are expected to be minimized, insofar as the
coefficient for three scenarios corresponding to different ini-analysis is being made for pions emitted in the mid-rapidity
tial degrees of agitation and restoration. In all cases theegion of central collisions.
coarse-grained correlation coefficient saturates once the cut- Another important issue concerns the possible presence of
off kg is above~300 MeV/c, the maximum momentum for other agencies that may lead to a similar signal and thus
which the amplification mechanism is effective. Thus there iobscure the signal of interest. While there are many physi-
no gain in signal by extending the cutoff to higher values,cally different sources of charge-conjugate pion pairs, fortu-
while the background increases. In fact, in order to reducaately only few lead to strong back-to-back correlations. It is
contamination fromp decays(see below, it may be desir- particularly important to discuss the dominant decay of
able to employ a momentum cutoff below 300 MeVdnd  p(770),0— 7" 7~ . Although the two pions are back-to-back
the results suggest that this might well be possible. In theorrelated, they emerge from @ meson at rest with mo-
other direction, at the lower momenta, it is practically diffi- menta of about 360 Me\/ which is somewhat above the
cult to measure pions witk, much below 100 MeW but  upper limit of the expected effectkf,~300 MeV/c).
these are seen to contribute relatively little to the total signalMoreover, while the decay of @ meson in motion may well
Another important feature brought out in Fig. 3 is the contribute a single pion to the yield below this limit, the
good sensitivity of the signal to the physical scenario. For theontribution to the coincidence yield is insignificant, even
relatively moderate range of initial temperatures consideredyhen taking account of the final width and the in-medium
T,=220,240,260 MeV, the initial chiral order parameterthermal distortion. Thus, in the relevant domain of soft
takes on the values,=19,26,42 MeV and these differences pions, thep decays are not expected to obscure to the two-
have become magnified in the resulting correlation signalbody DCC signal.
This feature demonstrates that the signal is in fact quite sen- It should also be noted that althougl{550) andw(780)
sitive to the degree of chiral restoration achieved early on. may contributer™ 7~ pairs, these all arise in three-body
The purpose of this Rapid Communication is to draw at-decays which renders them only rather weakly correlated and
tention to the possible utility of analyzing the large-angleso they should not pose a serious problem.
correlations between soft charge-conjugate pion pairs. The In conclusion, then, we suggest that the data now being
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taken at RHIC be analyzed for indications of the describegairs may annihilate to produce either photons or dileptons
signature in the large-angle correlation of soft charge-and the soft excess pions discussed here would then contrib-
conjugate pion pairs. It may also be worthwhile to scrutinizeute accordingly to these observables. Therefore, should the
existing SPS data for this signal. If indeed identified, thiSana|ysis of the charged-pion data suggest the presence of the
signal may offer a means for probing the degree of chirakffect, this finding must be taken into account in the analysis
restoration achieved and the subsequent DCC dynamics. of the electromagnetic signals.

As a final comment, we wish to note that the considered
effect should also manifest itself in electromagnetic observ- This work was supported by the Director, Office of En-
ables, photons, and dileptons. For one thing, the effect iergy Research, Office of High Energy and Nuclear Physics,
equally well present in the neutral pions which generallyNuclear Physics Division of the U.S. Department of Energy
decay into a photon-pair before detection. Though it is im-under Contract No. DE-AC03-76SF00098 and by the Gesell-
practical to reconstruct their predecay momenta, the excesshaft fu Schwerionenforschung, Darmstadt, Germany. The
of soft neutral pions should make a corresponding contribuauthor also wishes to acknowledge helpful comments by B.
tion to the photon yield. Moreover charge-conjugate pionFriman, J. Stachel, and R. Vogt.
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